Introduction. Human infections by H9N2 influenza viruses alerted the community to the pandemic potential of these viruses (8, 11, 14) . Two viruses isolated from children in Hong Kong were closely related in their antigenic and genetic characteristics to a quail H9N2 virus, isolated during the H5N1 outbreak in Hong Kong in December 1997, which is representative of one of three sublineages of H9N2 viruses circulating in poultry in southern China and Hong Kong at that time (6, 11) . Of key significance was the observation that the human H9N2 and H5N1 isolates possessed a similar complement of six "internal" genes (with the exception of those encoding the surface glycoproteins) and raised the possibility that this gene complement may facilitate avian-to-human transmission of these viruses.
H9N2 viruses have also recently (during 1994 to 1999) been responsible for outbreaks of disease in poultry in other parts of the world, including European countries (Germany, Italy, and Ireland), Middle Eastern countries (Iran, Pakistan, and Saudi Arabia), South Africa, and the United States (1, 2) . Comparisons of haemagglutinin (HA) genes have shown that these H9N2 viruses fall into three principal phylogenetic lineages, one containing viruses primarily from North America, but including a few European isolates, a second comprising viruses from Europe and eastern Asia plus one from South Africa, and a third lineage of predominantly Asian viruses including viruses from Middle Eastern countries, plus one isolate from Germany (3, 6) . Of particular interest is the relationship of these viruses to those that caused human infection in Hong Kong. Might some of these viruses also pose a threat to human health?
Preliminary comparisons of partial HA gene sequences indicated that some H9N2 viruses, recently isolated in Middle Eastern countries and Germany, were indeed closely related in their HAs to the human H9N2 isolates. We report here a detailed genetic analysis of one of the more closely related strains, A/chicken/Pakistan/2/99 (Ck/Pk/2/99), which shows that it is closely related in all eight genes to the H9N2 viruses that caused human infections, raising the possibility that viruses in poultry in Pakistan may also have a propensity to transmit to the human population.
Results and Discussion. Ck/Pakistan/2/99 (H9N2) was isolated from an infected chicken during an outbreak of disease on a farm in Pakistan and was selected as typical of the viruses isolated during the epidemic in Pakistan in 1999 (13) . Experimental infection of chickens showed that, like other H9N2 viruses recently isolated from poultry in southern China (7), it was of low pathogenicity for chickens, and an intravenous pathogenicity index test gave the lowest value of 0 (3).
Antigenic Relationships. Haemagglutination inhibition (HI) tests using hyperimmune rabbit antisera as well as postinfection chicken and ferret antisera readily distinguished the HA of Ck/Pk/2/99 from those of a number of recently isolated reference H9N2 viruses, including the human A/HK/1073/99, quail Qa/HK/G1/97, chicken Ck/ HK/G9/97, and swine Sw/HK/9/98 viruses ( Table 1 ). Antisera that readily distinguished two groups of viruses among Hong Kong isolates, the quail G1 and human viruses from the chicken G9 and swine viruses, gave an intermediate pattern of reactivity with the Pakistan isolate. A ferret antiserum to Ck/Pk/2/99 also distinguished it from the other isolates tested (Table 1) .
Neuraminidase inhibition tests, including hyperimmune rabbit antisera to A/Singapore/1/57 (H2N2) and A/Aichi/2/68 (H3N2), showed that the neuraminidase (NA) of Ck/Pk/2/99 was antigenically distinct from the N2s of these two human viruses and closely related to the NAs of the avian and swine N9N2 viruses, Qa/HK/ G1/97, Ck/HK/G9/97, and Sw/HK/9/98 (data not shown).
Genetic Relationships. Figure 1 shows the phylogenetic relationships between the HA genes of recently isolated H9N2 viruses, based on sequences (381 nucleotides) encoding amino acids 205-331 of HA. The HA genes of the viruses isolated in Germany, Iran, Pakistan, and Saudi Arabia during 1998 and 1999 were closely related to the HA genes of the human and quail G1 H9N2 viruses isolated in Hong Kong (96-98% homology) and more distantly related to the HA genes of chicken and duck viruses such as Ck/HK/G9/97 (92% homology) and Dk/HK/Y439/97 (85% homology), which are representative of two other lineages of H9N2 viruses that have circulated in China and Korea since 1994. On the basis of these data, Ck/Pk/2/99 was selected for more detailed genetic comparison with other H9N2 viruses.
Phylogenetic comparisons of nucleotide sequences encoding HA1 and HA2 confirmed the close relationship (96.6-96.9% homology) between the HA of Ck/Pk/2/99 and the HAs of the human and quail G1 Hong Kong isolates ( Fig. 2A) . The extent of the differences in HA1 sequence between Ck/Pk/2/99 and the three Hong Kong H9N2 isolates and the relatively high proportion of nucleotide differences causing amino acid changes of 53-59% are comparable to the variation observed among H5N2 viruses isolated during the emergence of highly pathogenic influenza in poultry in Mexico during 1993-1995 (18) . Although indicative of adaptation in a new host (the chicken), these data are not inconsistent with geographical spread of related viruses. Only 1 of the 19 nucleotide differences between the sequences encoding HA2 of Ck/Pk/2/99 and A/HK/1073/99 altered the amino acid sequence. Approximately half of the 16 amino acids that distinguished the quail G1 and 2 human viruses from other H9N2 viruses (for which there are sequence data) were common to Ck/Pk/2/99, including 1 (threonine 89) of the 2 differences that give rise to additional potential glycosylation sites (Table 3) . Some of these differences, including the potential difference in glycosylation, are likely to contribute to the variation in antigenicity observed among these viruses (Table 1) .
Of particular interest as regards host range and pathogenicity of influenza A viruses are the receptor binding properties of the HA and the susceptibility of the precursor HA0 to proteolytic activation, respectively. Concerning the latter, the amino acid sequences at the site of cleavage to HA1 and HA2, PARSSR2G, of Ck/Pk/2/99 and other closely related isolates from Pakistan, Iran, Saudi Arabia, and Germany were identical to those of the human and quail G1 and Dk/HK/Y280/97-like viruses, in contrast to variation among the equivalent sequences of the HAs of other H9N2 viruses (3). The absence of a sequence of multibasic amino acids as occurs in the HAs of various pathogenic H7 and H5 viruses (16) is consistent with the low pathogenicity for poultry of these H9 viruses (3). Amino acid differences in the receptor binding sites of HAs have been shown to be associated with differences in receptor binding specificity (5, 17) . Whereas the HAs of avian viruses exhibit a preference for binding to sialic acid attached to the penultimate galactose of the receptor by a ␣2,3-glycosidic bond (SA␣2,3Gal), the HAs of human viruses prefer SA␣2,6Gal receptors (4, 15) . A change at position 226 from leucine, typical of the HAs of early human H3N2 viruses, to glutamine, typical of the HAs of many avian viruses, caused a switch in specificities (15) . It was noted that among the conserved amino acids that comprise the receptor binding site there is significant variation in residues 183, 190, and 226 (numbered according to H3) of the HAs of H9N2 viruses and that the two human isolates have the same three amino acids, histidine 183, glutamic acid 190, and leucine 226, as Qa/HK/G1/97 and early human H3N2 viruses (11) . The neuraminidase genes of recent H9N2 viruses isolated in China and Korea show relationships that reflect those of the HA genes (6). The NA gene of Ck/Pk/2/99 was closely related (97% homology) to the NA genes of the human and quail G1 Hong Kong isolates and more distantly related (88-95% homology) to the NA genes of other H9N2 viruses ( Table 2 , Fig. 2B ). Homology with the nucleotide sequences of N2 genes of other subtypes, including H2N2 (A/Leningrad/134/47/57) and H3N2 (A/ Sydney/5/97) viruses, ranged from 86 to 83%. A feature peculiar to the NAs of the human and quail G1 Hong Kong isolates was a deletion of two amino acids, residues 38 and 39, in the stalk of the molecule-this deletion was absent in the NA of Ck/Pk/2/99. The NAs of the human and quail G1 viruses were more closely related to each other than to the NA of Ck/Pk/2/99. However, the NAs of these viruses shared seven amino acids that distinguish them from the N2s of other H9N2 viruses (Table 3) , and they possessed a similar pattern of glycosylation sites.
The nucleotide sequences of the other six genes of Ck/Pk/2/99 also showed close homology to the corresponding genes of the human and quail G1 H9N2 viruses, as indicated in Table 2 . The similarity between the genes of these H9N2 viruses and the H5N1 viruses circulating in chickens in Hong Kong in 1997 and those that caused human infections is reflected in the homologies between the genes of Ck/Pk/2/99 and the internal genes of those H5N1 viruses (97-99% homology). In fact the PA gene of Ck/Pk/2/99 is more closely related to the PA genes of H5N1 viruses, such as A/HK/156/97 and Ck/HK/220/97 (98.7% homology), than to the PA genes of the human and quail G1 H9N2 isolates (97.7-98.1% homology) (Fig. 2C) . The phylogenetic relationships between the NP genes shown in Fig. 2D also emphasize L102, T213, K215, H253, A257, V302, I317, V637, T694,  M715, G754, G757, K758  PB2  M147, R190, K194, N195, N197, K299, M524, E567, A655,  T661, I667, T717  PA  T20, A85, T118, K237, R318, M367, L400, E547, (91)  NP  Q52, V371, A374, K430  NA  L10, T43, S77, S153, T212, V307, G346  M1  A157  M2  L10  NS1  E92, T202, S212  NS2 N60 the close relationships between the genomes of these viruses.
Features of the proteins of the human H9N2 viruses that distinguished them from the proteins of other H9N2 viruses such as the length of NS1 (230 amino acids) and an extra penultimate glycine 757 in PB1 (11) were also characteristic of the Ck/Pk/2/99 proteins. In addition, the proteins, PB1, PB2, PA, NP, M1, M2, NS1, and NS2 of this virus possessed most of the amino acid residues that were characteristic of the human and quail G1 H9N2 viruses and the human and chicken H5N1 viruses isolated in Hong Kong (Table 3) .
Thus, Ck/Pk/2/99 is closely related in all genes to the H9N2 viruses that caused human infections in Hong Kong. All genes belong to the same Qa/HK/G1/97 lineage and were evidently not the result of genetic reassortment between viruses belonging to different lineages, as in the case of, for example, Ck/HK/G9/97, which possesses six genes of the Dk/HK/Y280/97 lineage and two genes, PB1 and PB2, of the Qa/HK/G1/97 lineage (6) . Thus Qa/HK/G1/97-like viruses, previously identified only among viruses isolated in Hong Kong, have been more widely distributed in Asia. Whether this is due directly to movement of infected poultry or to some other means of transmission is not known.
Although, on the basis of HA sequence homology, Ck/Pk/2/99 appeared to be representative of H9N2 viruses isolated during the past 2-3 years from chickens in Germany, Iran, and Saudi Arabia as well as Pakistan (3), preliminary analyses (Y. Lin, K. Cameron, V. Gregory, and J. Banks, unpublished results) have indicated heterogeneity among some of the other genes, comparable to that observed among H9N2 viruses circulating in China and Korea (6) . On the one hand, Ck/Pk/2/99 appears to be typical of isolates from different flocks in Pakistan. On the other hand, whereas the M genes, like the HA genes, are similar among viruses isolated in the four different countries, several of the internal genes of the German (Ck/ De/45/98) and Saudi Arabian (Ck/SA/224/98) isolates are more closely related to those of Dk/HK/Y439/97 or Ck/ Kor/6/96, representative of other genetic lineages of H9N2 viruses (6; see Fig. 2 ). These viruses thus represent reassortants of previously characterized H9N2 viruses, emphasizing the tendency for genetic exchange among H9N2 viruses and the extent to which genetic reassortment has contributed to the genetic diversity of H9N2 viruses causing disease in domestic poultry.
A feature of the complement of internal genes comprising the Qa/HK/G1/97 lineage is that they are present in other subtypes circulating in domestic poultry in China, the most notable being the H5N1 bird flu viruses, but also H6N1 viruses (9) . Genes closely related to those of other H9N2 lineages, e.g., that represented by Dk/HK/ Y439/97, were also observed in various subtypes (e.g., H3N8, H11N8, and H11N9) isolated from ducks in Hong Kong. There is currently little information on the extent to which "H9N2" genes are included in the genomes of other subtypes circulating elsewhere in the world.
Since the factors that are important for H9N2 viruses (or H5N1 viruses) to transmit from avian to human hosts have not been determined and since no H9N2 human infections have been documented in countries other than China, we cannot conclude at this stage that viruses circulating in poultry in Middle Eastern countries, in particular Pakistan, pose a public health threat similar to those circulating in southern China. In the absence of overt disease due to H9N2 viruses it will be important to obtain serological evidence for or against human infection by these or related viruses.
Materials and Methods. Viruses.
A/chicken/Pakistan/ 2/99 (Ck/Pk/2/99) was isolated in fertile hens' eggs and selected as a representative of the H9N2 viruses isolated during an epidemic in Pakistan in 1999 (13) . A/quail/Hong Kong/G1/97 (Qa/HK/G1/97), A/chicken/ Hong Kong/G9/97 (Ck/HK/G9/97), A/swine/Hong Kong/ 9/98 (Sw/HK/9/98) and A/turkey/Wisconsin/1/66 (Ty/Wis/ 1/66) were obtained as described in Lin et al. (11) . Viruses were grown by inoculation into the allantoic cavity of 10-day-old fertile hens' eggs, as described in Kendal et al. (10) . A/Hong Kong/1073/99 (A/HK/1073/99) was passaged in MDCK cells in the presence of 2.5 g/ml trypsin (TPCK-treated).
Antisera. Hyperimmune rabbit antisera, postinfection chicken sera and postinfection ferret sera were prepared as described in Kendal et al. (10) . Rabbit and ferret antisera against Ck/HK/G9/97 were obtained from Dr. N. Cox (Centers for Disease Control and Prevention, Atlanta, GA); chicken antisera against Ty/Wis/1/66, Qa/HK/ G1/97 and Ck/HK/G9/97 were obtained from Dr. R. Webster (St. Jude Children's Research Hospital, Memphis, TN); the ferret antiserum against A/HK/1073/99 was obtained from Dr. J. Wood (National Institute for Biological Standards, South Mimms, UK).
Antigenic analyses. HI and NI assays were performed as described in Kendal et al. (10) .
Nucleotide Sequence Analyses. Virion RNA was prepared and RT-PCR and DNA sequencing were performed as described in Lin et al. (11) using gene-specific primers (sequences available on request). Sequence data were edited and analysed using the Wisconsin Sequence Analysis Package Version 8 (GCG). Phylogenetic analyses used PAUP (Phylogenetic Analysis Using Parsimony, Version 4.0, Swafford, Illinois Natural History Survey, Champaign, IL). Nucleotide sequences of the eight RNA segments of Ck/PK/2/99 and of RNA segments of H5N1 viruses used in this study were deposited with the GenBank Data Library under Accession Nos. AJ291392-AJ291403.
